1. Introduction {#s1}
===============

Old age profoundly contributes to the experience of pain during a variety of pathological conditions.^[@R12],[@R14],[@R39]^ Age plays a major role in postoperative recovery and, consequently, presents a unique set of challenges in the management of postoperative complications.^[@R5],[@R13],[@R42]^ Opioids are currently first line in postoperative pain management for all age groups^[@R47]^; however, recent studies have shown that elderly patients are particularly vulnerable to chronic opioid use in the postoperative period.^[@R40]^ The reasons for chronic opioid usage by elderly patients are largely unknown. This could be the result of a changed nociceptive threshold, higher postoperative pain, and efficacy of opioids in the elderly because they often have impaired metabolism leading to altered pharmacokinetics and pharmacodynamics.^[@R10],[@R34]^

Age is considered one of the predictive factors of postoperative analgesic consumption,^[@R18],[@R40]^ and most (≈70%) studies have found that the younger the patients, the higher the analgesic requirement to suppress postoperative pain.^[@R2],[@R6],[@R15],[@R18],[@R23]^ Thus, intramuscular administration of morphine provided more postoperative pain relief in older patients.^[@R6],[@R23]^ One report has also suggested that higher efficiency of opioids in the elderly does not relate to drug absorption, distribution, metabolism, or elimination.^[@R6]^ Alternative studies have suggested that postsurgical opioid consumption is influenced less by advanced age and more by other predictors such as chronic sleeping difficulties and history of pain.^[@R11],[@R25]^ Age could also have a negative correlation with postoperative pain intensity, but this finding was less consistent.^[@R18]^ Multiple studies have also been undertaken to determine the effect of aging on baseline nociception threshold, and a meta-analysis of over 50 studies indicates that there is definitive evidence of an increase in baseline nociceptive threshold with advancing age.^[@R21]^

Despite abundant information on age dependency in relation to nociceptive threshold, postoperative pain and the efficacy of opioids, these effects have not been tested in aged animal systems. In this study, we chose to examine the age dependency of baseline nociceptive threshold, thermal and mechanical postoperative hypersensitivity, and the efficacy of opioid analgesia in an aged vs adult postoperative mouse model. We chose to test 2 routes of drug administration: locally at the site of surgery and spinal administration. We selected DAMGO and buprenorphine for this study. Selection of the drugs was dictated by the idea that oxycodone, which is often used to treat postoperative pain in the elderly, metabolizes into oxymorphone, a mu-opioid receptor (MOR) agonist.^[@R20]^ Additionally, buprenorphine is emerging as an alternative medication for chronic postoperative pain control in elderly patients.^[@R32],[@R43]^ Because a majority of clinical studies evaluated nonevoked postoperative pain in elderly patients, we employed the exploratory locomotor activity approach along with thermal and mechanical testing to assess postoperative pain in adult and aged mice.^[@R26]^

2. Methods {#s2}
==========

2.1. Animals {#s2-1}
------------

Animal experiments conformed to the American Pain Society Guiding Principles in the Care and Use of Vertebrate Animals in Research and Training, to protocols approved by University Texas Health Science Center at San Antonio Institutional Animal Care and Use Committee, and followed guidelines issued by NIH and SfN to minimize the number of animals used.

Animals used in these experiments were males. Adult and aged mice were from a C57BL/6 background. Adult mice were 3- to 6-month-old (20--25 g) and purchased at Jackson Laboratories (Bar Harbor, ME). Aged mice were 18- and 24-month-old and were kindly donated by NIH/NIA, or were purchased at 17 to 18 months of age from Jackson Laboratories and grown to 24-month-old in University Texas Health Science Center at San Antonio Division of Laboratory Animal Resources facilities.

2.2. Acute postoperative pain model {#s2-2}
-----------------------------------

All behavioral experiments were conducted by a blinded observer. The plantar incision in adult and aged mice was performed as previously described.^[@R33]^ Briefly, a 5 mm incision, beginning 2 mm from the proximal edge of the right heel, was made. Curved forceps were used to elevate the underlying muscle. A mattress suture of 8-0 nylon on a TG175-8 needle (ophthalmic, 1716G; Ethicon; Cincinnati, OH) was used to close the incision. An antibiotic ointment (Bacitracin Zinc Ointment USP; Nycomed US Inc., Melville, NY) was applied to the wound. Sham-treated mice received anesthesia, antiseptic preparation, and topical antibiotic without an incision.

2.3. Thermal (ie, heat) hypersensitivity {#s2-3}
----------------------------------------

Thermal (ie, heat) nociception was assessed as previously described.^[@R30]^ In brief, mice were placed on a glass surface with temperature held constant at ≈20°C. After habituation, thermal/heat withdrawal latencies to a radiant heat beam focused on the plantar area of the hind paw were recorded at each time point (3× measurements at each time point, averaged to obtain the data value used in analyses). The stimulus was terminated after ≈20 seconds if the animal did not withdraw the hind paw.

2.4. Mechanical hypersensitivity {#s2-4}
--------------------------------

Mechanical nociception was assessed as previously described.^[@R30]^ After habituation to the testing environment, the baseline readings (3 readings per animal) were taken on the right hind paw using the Dynamic Plantar Aesthesiometer (Ugo Basile; Varese, Italy) to record withdrawal thresholds for mechanical stimulation (in grams) of the hind paw plantar areas. The instrument applies a constant ramp of increasing mechanical pressure to the paw (0--15 g over 10 seconds intervals).

2.5. The exploratory locomotor activity {#s2-5}
---------------------------------------

The exploratory locomotor activity was used as a model to assess nonreflexive pain, which has an ongoing postoperative pain component, as previously described.^[@R26]^ The exploratory locomotor activity was measured as previously described.^[@R22]^ We used four 30 × 15 × 15 cm customized acrylic boxes that were separately enclosed in commercially available sound-attenuating chambers (ENV-022M; MED Associates; Fairfax, VT). Four infrared light beams were spaced 6 cm apart and located 2 cm above the floor of each box. Software (Multi-Varimex V1; Columbus Instruments; Columbus, OH) calculated total breaks of beams and ambulation defined by software as movements consisting of 6 cm or greater.^[@R22]^ On the first day, the exploratory locomotor activity after administration of saline (intrathecal or intraperitoneal \[i.p.\]) was measured for 2 hours. Seventy-two hours later, naive or 1 day postoperated animals received a drug, and activity was measured for 2 hours.

2.6. Drug administration {#s2-6}
------------------------

Fifty milligram per milliliter DAMGO and 15 mg/mL buprenorphine stocks were prepared in phosphate-buffered saline. DAMGO and buprenorphine were dissolved/diluted in sterile 0.9% saline. 0.9% saline does not produce hypersensitivity or antihypersensitivity.^[@R19]^ For local drug administration, operated or contralateral mouse hind paws were injected with 20 μL solution. For all spinal injections, mice were anesthetized with isoflurane for no longer than 3 minutes, and drugs were delivered in 10 μL solution into a lumbar (L3--L5) intrathecal space as described.^[@R31]^ Systemic administration was achieved through i.p. injection of drugs.

2.7. Data analyses {#s2-7}
------------------

GraphPad Prism 7.0 (GraphPad, La Jolla, CA) was used for statistical analyses. Data in the figures are mean ± (SEM), with "n" referring to the number of mice per group. Some experiments were performed at least in duplicate. Some data are presented as area under the curve (post-drug time dependency). Differences between groups were assessed by regular 2-way analysis of variance (ANOVA; drug dose and mice age factors) with multiple comparisons to the Tukey posthoc test. In 1-way ANOVA with Tukey post hoc tests, each column was compared with all other columns. A difference was accepted as statistically significant when *P* \< 0.05. Interaction F ratios and the associated *P* values were reported.

3. Results {#s3}
==========

3.1. Baseline nociception and postoperative hypersensitivity in adult and aged mice {#s3-1}
-----------------------------------------------------------------------------------

A 3- to 6-month-old mouse (corresponding to a 20- to 30-year-old human) is considered a mature adult; whereas an 18- to 24-month-old mouse (corresponding to a 56- to 69-year-old human) is referred to as "aged."^[@R1]^ The literature indicates that morbidity related to surgery, preoperative morbidity, and other age-related complications are somewhat more prevalent in 69- vs 56-year-old patients^[@R7],[@R12],[@R39],[@R41],[@R42],[@R46]^; therefore, we initially accessed basal nociceptive threshold and postoperative hypersensitivity for both 18- and 24-month-old mice. Twenty-four-month-old mice showed significantly longer paw withdrawal latencies than adult mice (1-way ANOVA; F(2,120) = 34.75; *P* \< 0.0001; Fig. [1](#F1){ref-type="fig"}A). Eighteen-month-old mice exhibited the same trend, but it was statistically insignificant (Fig. [1](#F1){ref-type="fig"}A). Basal mechanical responses to a probe were insignificantly higher in aged 24-month-old, but not 18-month-old, compared with adult mouse groups (1-way ANOVA; F(2,84) = 11.54; *P* \< 0.0001; Fig. [1](#F1){ref-type="fig"}B). The magnitude of postoperative thermal (Fig. [1](#F1){ref-type="fig"}C) and mechanical (Fig. [1](#F1){ref-type="fig"}D) hypersensitivity at 1 day postincision was not significantly different for 3- to 6-, 18- and 24-month-old mice (1-way ANOVA; F(2,99) = 2.109; *P* = 0.1268 for Fig. [1](#F1){ref-type="fig"}C; and F(2,100) = 0.01419; *P* = 0.9859 for Fig. [1](#F1){ref-type="fig"}D). In summary, basal thermal and mechanical nociceptive thresholds in aged compared with adult mice are higher. Similar increases in basal nociceptive thresholds were reported in elderly individuals.^[@R21]^ Thresholds of postoperative thermal and mechanical hypersensitivity were age independent, as some clinical studies on postoperative pain in elderly patients indicate.^[@R11],[@R25]^ Importantly, because the 24-month-old animals seemed to differ more from adults than the 18-month-old animals, the remaining studies were conducted on 3- to 6- and 24 month-old mice.

![Basal nociception and postoperative thermal and mechanical hypersensitivity levels in adult and aged mice. (A) Basal thermal nociception was measured as paw withdrawal latency (PWL) in seconds in 2- to 6-, 18- and 24-month-old mice (1-way ANOVA; NS nonsignificant; \*\*\*\**P* \< 0.0001; n = 61 for adults; n = 15 for 18-month-old and n = 52 for 24-month-old). (B) Basal mechanical nociception is measured as paw withdrawal threshold in grams (statistic and n are the same as for A-panel). Postoperative thermal (C) and mechanical (D) hypersensitivity at 1 day after incision in 2- to 6-, 18- and 24-month-old mice (1-way ANOVA; NS nonsignificant; n = 48 for adults; n = 12 for 18-month-old and n = 45 for 24-month-old). Mouse ages are indicated below *x*-axis. Approximate baseline nociception levels (thermal on panel C and mechanical on panel D) are indicated as dashed lines and marker "Baseline."](painreports-2-e584-g001){#F1}

3.2. Local DAMGO injection and postoperative hypersensitivity in adult and aged mice {#s3-2}
------------------------------------------------------------------------------------

Initially, we examined whether locally (at incision site) administrated DAMGO produces postoperative antihypersensitivity in adult and aged mice. DAMGO-induced antihypersensitivity was monitored for 2 hours postinjection. Fifteen microgram and 50 μg, but not 5 μg, of DAMGO produced robust thermal (1-way ANOVA; F(3,16) = 89.67; *P* \< 0.0001; Fig. [2](#F2){ref-type="fig"}A) and, to a lesser extent, mechanical (1-way ANOVA; F(3,16) = 7.995; *P* = 0.0018; Fig. [2](#F2){ref-type="fig"}B), postoperative antihypersensitivity in adult mice. In aged mice, local administration of 5 to 50 μg DAMGO was either ineffective or produced slight postoperative hypersensitivity (Fig. [2](#F2){ref-type="fig"}A, B). Fifty microgram, but not 5 and 15 μg DAMGO made more effective thermal antihypersensitivity in adult compared with aged mice (2-way ANOVA; F(3,32) = 11.51; *P* \< 0.0001; Fig. [2](#F2){ref-type="fig"}A). In mechanical postoperative antihypersensitivity, 5 to 50 μg DAMGO was equally ineffective in adult and aged mice (2-way ANOVA; F(3,32) = 0.5058; *P* = 0.6810; Fig. [2](#F2){ref-type="fig"}B). Raw data on development of DAMGO-induced postoperative antihypersensitivity is shown in Supplementary Figure 1 (<http://links.lww.com/PR9/A3>). Altogether, only high (50 μg) dosage of locally injected DAMGO showed preference for thermal antihypersensitivity in adult compared with aged mice. Other DAMGO dosages administered at surgical sites produced similar effects in adult and aged mice.

![Effects of locally (at surgical site) administrated DAMGO on postoperative hypersensitivity in adult and aged mice. Incision-induced thermal (A) and mechanical (B) hypersensitivity were generated in adult and aged mice. At 1 day (for adults) and 1 to 3 days (for aged) postsurgery, operated hind paws were injected with different dosages of DAMGO, and thermal (A) and mechanical (B) hypersensitivity were measured at 30, 60 (for some dosages) and 120 minutes post-DAMGO injection. Data are presented as area under the curves (AUC). Significance within age groups for DAMGO-produced antihypersensitivity was compared against vehicle treatment (1-way ANOVA; \**P* \< 0.05; \*\**P* \< 0.01; \*\*\*\**P* \< 0.0001; n = 5--8). Significance between age groups was assessed by 2-way ANOVA. DAMGO dosages are indicated below log *x*-axis. Veh is vehicle treated conditions. Mouse ages are indicated.](painreports-2-e584-g002){#F2}

3.3. Ipsilateral and contralateral DAMGO effect on postoperative antihypersensitivity {#s3-3}
-------------------------------------------------------------------------------------

To evaluate the possibility that locally administrated DAMGO could induce antihypersensitivity through central mechanism at systemic dosages, we attempted to reverse postoperative hypersensitivity by injection of an antihypersensitivity-producing dose of DAMGO (15 μg) in contralateral (nonoperated) hind paws. Figure [3](#F3){ref-type="fig"}A, B show that thermal and mechanical postoperative antihypersensitivity can effectively be achieved by injection of DAMGO in either ipsilateral or contralateral hind paws (1-way ANOVA; F(5,27) = 30.75; *P* \< 0.0001 for Fig. [3](#F3){ref-type="fig"}A; and F(5,27) = 117.6; *P* \< 0.0001 for Fig. [3](#F3){ref-type="fig"}B). In summary, these data demonstrate that locally injected DAMGO (15 μg) in adult and aged mice distributes systemically and generates thermal and mechanical antihypersensitivity only through central mechanisms.

![Effects of contralateral injection of DAMGO on postoperative hypersensitivity in adult and aged mice. Thermal (A) and mechanical (B) postoperative antihypersensitivity produced at 2 hours after injection of 15 μg DAMGO in operated (ipsi) or intact (contra) hind paws of adult mice. DAMGO was administrated 1 day postincision surgery. Statistical analysis is 1-way ANOVA comparing all groups (NS, nonsignificant; \*\**P* \< 0.05; \*\*\**P* \< 0.001; \*\*\*\**P* \< 0.0001; n = 5--6).](painreports-2-e584-g003){#F3}

3.4. Spinal DAMGO injection and postoperative hypersensitivity in adult and aged mice {#s3-4}
-------------------------------------------------------------------------------------

As expected, spinally administrated DAMGO produced robust thermal (1-way ANOVA; F(2,14) = 18.63; *P* \< 0.0001; Fig. [4](#F4){ref-type="fig"}A) and mechanical (1-way ANOVA; F(2,15) = 12.5; *P* = 0.0006; Fig. [4](#F4){ref-type="fig"}B) postoperative antihypersensitivity in adult mice.^[@R49]^ Thus, 15 μg DAMGO paralyzed the movement of hind legs of some (but not all) animals, an effect that lasted 90 minutes after intrathecal injection (see Supplement Fig. 2B, <http://links.lww.com/PR9/A3>). Therefore, these data are not taken into account in Figure [4](#F4){ref-type="fig"}A, B. In addition to antihypersensitivity, thermal antinociception was detected even with DAMGO doses as low as 1 μg (1-way ANOVA; Fig. [4](#F4){ref-type="fig"}A; Supplement Fig. 2, <http://links.lww.com/PR9/A3>). For each dosage, spinally injected DAMGO was equally effective in thermal antihypersensitivity in both adult and aged mice (2-way ANOVA; F(2,23) = 0.0873; *P* = 0.9167; Fig. [4](#F4){ref-type="fig"}A). By contrast, postoperative mechanical antihypersensitivity by spinally administrated DAMGO was not as robust in aged compared with adult mice (2-way ANOVA for 1 and 5 μg doses; F(2,24) = 2.545; *P* = 0.0495; Fig. [4](#F4){ref-type="fig"}B). Thus, we observed that 5 μg DAMGO did not significantly reverse mechanical hypersensitivity in aged mice (Fig. [4](#F4){ref-type="fig"}B, C). Moreover, 15 μg DAMGO did not cause paralysis of hind legs of tested aged mice, and did not show mechanical antinociception (ie, threshold above baseline) in aged mice (Fig. [4](#F4){ref-type="fig"}B; Supplement Fig. 2, <http://links.lww.com/PR9/A3>). Overall, spinally injected DAMGO generally produced more effective thermal than mechanical postoperative antihypersensitivity in adult and aged mice (Fig. [4](#F4){ref-type="fig"}A, B). Furthermore, a higher dosage of spinal DAMGO is required for aged compared with adult mice to achieve mechanical postoperative antihypersensitivity.

![Effects of spinal injection of DAMGO on postoperative hypersensitivity in adult and aged mice. Incision-induced thermal (A) and mechanical (B) hypersensitivity were generated in adult and aged mice. At 1 day (for adults) and 1 to 3 days (for aged) postsurgery, different dosages of DAMGO were administrated intrathecally, and thermal (A) and mechanical (B) hypersensitivity were measured at 30 and 120 minutes post-DAMGO injection. Data are presented as area under the curve (AUC). Significance within age groups for DAMGO-produced antihypersensitivity was compared against vehicle treatment (1-way ANOVA; \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001; \*\*\*\**P* \< 0.0001; n = 5--8). Significance between age groups was assessed by 2-way ANOVA. DAMGO dosages are indicated below log *x*-axis. Veh is vehicle treated conditions. Mouse ages are indicated. (C) Mechanical antihypersensitivity (at 30 minutes post-opioid injection) by spinal administration of 5 μg DAMGO for adult and aged mice (1-way ANOVA; separately for adult and aged mice and 2-way ANOVA between adult and aged mice; NS, nonsignificant; \**P* \< 0.05; \*\*\**P* \< 0.001; n = 5--8). *U-op* marking below *x*-axis is DAMGO produced effect.](painreports-2-e584-g004){#F4}

3.5. Local buprenorphine injection and postoperative hypersensitivity in adult and aged mice {#s3-5}
--------------------------------------------------------------------------------------------

Buprenorphine is a partial MOR agonist and a kappa and delta-opioid receptor antagonist.^[@R29]^ Buprenorphine is also capable of inhibiting and modulating voltage-gated sodium channels.^[@R24]^ The mu-agonist effect of buprenorphine models a bell-shaped distribution,^[@R43]^ and it is reported to be at least 100 times more potent than morphine.^[@R37]^ We monitored buprenorphine-induced antihypersensitivity for 2 hours after local injection. Local administration of relatively low dosages of buprenorphine (0.1 μg) produced thermal (1-way ANOVA; F(3,16) = 93.56; *P* \< 0.0001; Fig. [5](#F5){ref-type="fig"}A) and mechanical (1-way ANOVA; F(3,16) = 27.1; *P* \< 0.0001; Fig. [5](#F5){ref-type="fig"}B) postoperative antihypersensitivity in adult mice. Moreover, maximal antihypersensitivity effects were at around 0.1 μg buprenorphine, whereas higher dosages were not as effective in reducing postoperative hypersensitivity, especially mechanical hypersensitivity (Fig. [5](#F5){ref-type="fig"}B). This effect was not due to a peripheral mechanism, as 0.1 μg buprenorphine injected contralaterally produced similar to ipsilaterally injected thermal (1-way ANOVA; F(5,27) = 119.2; *P* \< 0.0001; Fig. [6](#F6){ref-type="fig"}A) and mechanical (1-way ANOVA; F(5,27) = 204.5; *P* \< 0.0001; Fig. [6](#F6){ref-type="fig"}B) postoperative antihypersensitivity at 30 (data not shown) and 120 minutes after opioid injections (Fig. [6](#F6){ref-type="fig"}A, B).

![Effects of locally (at surgical site) administrated buprenorphine on postoperative hypersensitivity in adult and aged mice. Incision-induced thermal (A) and mechanical (B) hypersensitivity were generated in adult and aged mice. At 1 day (for adults) and 1 to 3 days (for aged) postsurgery, operated hind paws were injected with different dosages of buprenorphine, and thermal (A) and mechanical (B) hypersensitivity were measured at 30 and 120 minutes after buprenorphine injection. Data are presented as area under the curve (AUC). Significance within age groups for buprenorphine-produced antihypersensitivity was compared against vehicle treatment (1-way ANOVA; \**P* \< 0.05; \*\**P* \< 0.01; \*\*\*\**P* \< 0.0001; n = 5--8). Significance between age groups was assessed by 2-way ANOVA. Buprenorphine dosages are indicated below log *x*-axis. Veh is vehicle treated conditions. Mouse ages are indicated.](painreports-2-e584-g005){#F5}

![Effects of contralateral injection of buprenorphine on postoperative hypersensitivity in adult and aged mice. Thermal (A) and mechanical (B) postoperative antihypersensitivity produced at 2 hours after injection of 0.1 μg buprenorphine in operated (ipsi) or intact (contra) hind paws of adult mice. Readings were made from surgery affected hind paws (1-way ANOVA; NS, nonspecific; \*\**P* \< 0.05; \*\*\**P* \< 0.001; \*\*\*\**P* \< 0.0001; n = 5--6).](painreports-2-e584-g006){#F6}

Unlike DAMGO, age-dependent efficiency of buprenorphine was dictated by drug dosage: lower dosages were more effective in adult mice, whereas higher dosages were more effective in aged mice. Thus, 1 and 10 μg of buprenorphine were more efficacious in reducing postoperative thermal hypersensitivity in aged mice (2-way ANOVA; F(3,30) = 59.99; *P* \< 0.0001; Fig. [5](#F5){ref-type="fig"}A). Similarly, 1 μg buprenorphine made more postoperative mechanical antihypersensitivity in aged mice (2-way ANOVA; F(3,30) = 12.57; *P* \< 0.0001; Fig. [5](#F5){ref-type="fig"}B). However, maximal thermal and mechanical postoperative antihypersensitivity was achieved at a dose of 0.1 μg buprenorphine in adults (Fig. [5](#F5){ref-type="fig"}A, B). Raw data on development of buprenorphine-induced postoperative antihypersensitivity are shown in Supplementary Figure 3 (<http://links.lww.com/PR9/A3>). Overall, the presented results show that locally injected buprenorphine is effective only at systemic dosages. Moreover, it seems that adult mice are more sensitive to lower dosages of buprenorphine, whereas aged mice are more sensitive to higher dosages.

3.6. Spinal buprenorphine injection and postoperative hypersensitivity in adult and aged mice {#s3-6}
---------------------------------------------------------------------------------------------

We monitored buprenorphine-induced postoperative antihypersensitivity for 2 hours after intrathecal injection. Similar to local administration, adult mice were more or equally sensitive to lower doses of spinally injected buprenorphine, whereas higher buprenorphine dosages produced pronounced postoperative thermal (1-way ANOVA; F(3,12) = 23.68; *P* \< 0.0001; Fig. [7](#F7){ref-type="fig"}A) and mechanical (1-way ANOVA; F(3,12) = 5.381; *P* = 0.0140; Fig. [7](#F7){ref-type="fig"}B) antihypersensitivity in aged mice. Thus, 0.02 μg buprenorphine generated the highest antihypersensitivity in adult mice, and it was slightly (but statistically insignificant) more effective than in aged mice (Fig. [7](#F7){ref-type="fig"}A, B). Usually, statistical difference between buprenorphine-induced inhibition of thermal postoperative hypersensitivity between aged and adult mice was not statistically significant (2-way ANOVA; F(3,27) = 5.543; *P* = 0.0043; Fig. [7](#F7){ref-type="fig"}A). Raw data on development of buprenorphine-induced postoperative antihypersensitivity are shown in Supplementary Figure 4 (<http://links.lww.com/PR9/A3>). The difference between adult and aged mice for buprenorphine-induced mechanical postoperative antihypersensitivity was clearer (2-way ANOVA; F(3,27) = 11.17; *P* \< 0.0001; Fig. [7](#F7){ref-type="fig"}B). Statistical difference between aged and adult mice in 0.02 μg buprenorphine-produced mechanical postoperative antihypersensitivity was also not observed (Fig. [7](#F7){ref-type="fig"}B, C). However, 0.1 and 1 μg buprenorphine inhibited postoperative mechanical hypersensitivity more in aged mice (Fig. [7](#F7){ref-type="fig"}B, D). Overall, spinal buprenorphine-induced postoperative antihypersensitivity is substantially more potent (\>100 fold), but differs from spinal DAMGO-produced mechanical postoperative antihypersensitivity. At certain doses, buprenorphine, unlike DAMGO, is more effective in aged mice. The bell-shaped dose response curve for buprenorphine could explain some aspects of locally and spinally administrated drug on this phenomenon.^[@R43]^

![Effects of spinal injection of buprenorphine on postoperative hypersensitivity in adult and aged mice. Incision-induced thermal (A) and mechanical (B) hypersensitivity were generated in adult and aged mice. At 1 day (for adults) and 1 to 3 days (for aged) postsurgery, different dosages of buprenorphine were intrathecally administrated, and thermal (A) and mechanical (B) hypersensitivity were evaluated at 30 and 120 minutes after buprenorphine injection. Data are presented as area under the curve (AUC). Significance within age groups for buprenorphine-produced antihypersensitivity was compared against vehicle treatment (1-way ANOVA; \**P* \< 0.05; \*\**P* \< 0.01; \*\*\*\**P* \< 0.0001; n = 5--8). Significance between age groups was assessed by 2-way ANOVA. Buprenorphine dosages are indicated below log *x*-axis. Veh is vehicle treated conditions. Mouse ages are indicated. Mechanical antihypersensitivity (30 minutes postinjection) by spinal administration of 0.02 μg (C) and 1 μg (D) buprenorphine for adult and aged mice (1-way ANOVA; separately for adult and aged mice and 2-way ANOVA between adult and aged mice; NS, nonsignificant; \*\*\**P* \< 0.001; n = 5--8). *Bup* marked below *x*-axis is the buprenorphine-produced effect.](painreports-2-e584-g007){#F7}

3.7. Spinally and systemically mu-opioid injection and incision-induced ongoing pain in adult and aged mice {#s3-7}
-----------------------------------------------------------------------------------------------------------

The exploratory locomotor studies measured ongoing (ie, spontaneous) pain behaviors of animals that were largely motivated by exploration of a novel environment.^[@R26]^ Such behavior requires intact cognitive function and motivation, which could be affected by ongoing pain. We measured total beam breaks and ambulation, which well correlated with ongoing postoperative pain.^[@R26]^ We noted that spinal injection of certain buprenorphine dosages produced undesirable stimulatory effects in adult mice that were manifested by increases in locomotor activities. Thus, direct measurement of total exploratory locomotor activity (beam breaks) showed that higher dosages of spinally administrated buprenorphine (1 μg), which are ineffective in postoperative mechanical antihypersensitivity in adult mice (Fig. [7](#F7){ref-type="fig"}B, D), elevated locomotor activity in these animals (Supplement Fig. 5A, B, <http://links.lww.com/PR9/A3>). Ten microgram buprenorphine produced an even greater increase in the locomotor activity of adult mice (data not shown). By contrast, 1 μg buprenorphine, which is effective in thermal and mechanical antihypersensitivity in aged mice (Fig. [7](#F7){ref-type="fig"}), had no stimulatory effects in these animals (Supplement Fig. 5A, B, <http://links.lww.com/PR9/A3>; for 1 μg buprenorphine adult vs aged, 2-way ANOVA; \*\*\*\**P* \< 0.0001 first 30 minutes; \*\**P* \< 0.01 second 30 minutes; \**P* \< 0.05 third and fourth 30 minutes). Experimental observers did not notice stimulatory effects of 0.1 μg buprenorphine in aged mice.

Based on these results, we selected DAMGO and used the exploratory locomotor approach to assess ongoing pain in adult and aged mice after incision surgery.^[@R26]^ Figures [8](#F8){ref-type="fig"}A, B shows spinal administration of 5 μg DAMGO did not substantially affect ambulatory counts in naive adult and aged mice. Incision surgery significantly decreased ambulation compared with naive adult (1-way ANOVA; F(4,29) = 6.749; *P* = 0.0006; Fig. [8](#F8){ref-type="fig"}A) and aged mice (1-way ANOVA; F(4,30) = 26.11; *P* \< 0.0001; Fig. [8](#F8){ref-type="fig"}B). Spinal administration of 5 μg DAMGO significantly reversed ambulatory behavior in adult (Fig. [8](#F8){ref-type="fig"}A) but not aged mice (Fig. [8](#F8){ref-type="fig"}B). Similarly, systemic i.p. injection of DAMGO (1 mg/kg) affected ambulatory behavior only in adult animals (Fig. [8](#F8){ref-type="fig"}). In summary, mu-opioids were more successful at inhibiting incision-induced ongoing pain in adult compared with aged mice.

![Effect of spinally and systemically injected DAMGO on surgery-induced exploratory locomotor activity in adult and aged mice: Reversal effects of DAMGO on incision-induced ambulatory behavior in adult (A) and aged mice (B). The ambulatory counts are shown on naive animals (column 1) and naive animals injected spinally with 5 ìg DAMGO (column 2). For incision surgery (POP), the ambulatory counts are shown 1 day after surgical intervention (column 3), after spinal injection of 5 ìg DAMGO (column DAMGO-Sp) or after intraperitoneal injection of DAMGO (1 mg/kg; column DAMGO-IP). Locomotor activities were measured on individual animals for a 2 hours period. Statistic is 1-way ANOVA; NS, nonsignificant; \**P* \< 0.05; \*\*\**P* \< 0.001 and \*\*\*\**P* \< 0.0001.](painreports-2-e584-g008){#F8}

4. Discussion {#s4}
=============

In this study, we examined basal nociception, postoperative hypersensitivity levels, and effects of local, contralateral paw and spinal administration of mu-opioids, DAMGO and buprenorphine on postoperative hypersensitivity in aged and adult mice. Our data indicate that, as in human volunteers, thresholds of baseline thermal and mechanical nociception in naive aged mice are higher than in naive adult mice. Most publications also indicate that postoperative pain in adult and aged patients has comparable magnitude.^[@R18]^ Similarly, postoperative thermal and mechanical hypersensitivity has almost the same magnitude in aged and adult mice. However, aged compared with adult mice are less sensitive to pure mu-opioid DAMGO in postoperative antihypersensitivity and suppression of ongoing pain. By contrast, postoperative antihypersensitivity by mixed mu-opioid, buprenorphine depends on dosage; aged mice are more sensitive to higher doses. Hence, pure mu-opioid pharmacology in relation to postoperative pain suppression in aged mice is different from reported mu-opioid pharmacology (such as morphine) in managing postoperative pain in elderly individuals.^[@R18]^ Data on buprenorphine cannot be compared, because there are no systematic studies on effects of buprenorphine in adult vs aged patients.

There is still a discussion about the analgesic sites of action for mu-opioids. This is an important point, as plasticity of nociceptive pathways at the opioid action sites may be responsible for altering the efficacy of opioids in aged subjects. Four main sites of action for mu-opioids have been suggested: peripheral^[@R17]^ and central terminals of sensory neurons,^[@R3],[@R4]^ intrinsic spinal cord neurons,^[@R35]^ and periaqueductal gray (PAG) neurons.^[@R27]^

Locally, at the surgical site, injected opioids produced effects which were centrally mediated, as antihypersensitivity dosages of opioids (ie, 15 μg DAMGO or 0.1 μg buprenorphine) injected into the contralateral hind paw inhibited postoperative hypersensitivity. In a variety of inflammatory pain models, peripheral dosages of mu-opioids produce some antihypersensitivity^[@R17]^ and inhibit sensitization of primary afferent fibers.^[@R44]^ For instance, carrageenan-induced thermal hypersensitivity can be reversed by ≈30% with mu-opioids such as fentanyl, ethylketocyclazocine, and levorphanol.^[@R19]^ Complete Freund\'s Adjuvant-induced inflammatory mechanical hypersensitivity can also be partially reversed by opioids.^[@R38]^ Interestingly, peripheral effects of mu-opioids in reduction of CFA inflammatory pain peaked at 5 minutes after administration of opioids and expired within 30 minutes.^[@R38]^ In this respect, it is possible that we missed the peripherally mediated effect of DAMGO, because the first reading was taken 30 minutes after DAMGO injection. But, in general, peripheral mechanisms do not account for sufficiently strong^[@R19]^ and prolonged^[@R38]^ opioid-induced antihyperalgesia/analgesia. Another explanation for the absence of peripherally mediated postoperative antihypersensitivity by opioids is that surgery triggers the release of a distinct set of inflammatory mediators that may not be effective in priming the MOR, which, according to reports, is necessary for activity of MOR in sensory neurons.^[@R8]^ The mechanisms of postoperative and inflammatory pain have similarities, as well as many notable differences.^[@R9]^ For example, the wound healing process after surgery recruits a unique subset of inflammatory cells to the injury site, which is substantially different from a set of immune cells generated by CFA injection.^[@R16]^ It also can be noted that mu-opioid--induced thermal (but not mechanical) antinociception can be registered without the presence of inflammation, as soon as opioids are administrated spinally.^[@R36]^

In a majority, if not all clinical studies, mu-opioids were administrated either parenteral or enteral at dosages that produced a central effect.^[@R6],[@R15],[@R18]^ In ≈70% of all studies on postoperative efficacy of opioids in adult and aged patients, mu-opioids reduced postoperative pain by ≈15% to 25% more in elderly patients compared with adults.^[@R18]^ Postoperative pain levels were tested with the sum of the pain intensity differences^[@R6]^ or the visual analogues scale.^[@R15],[@R18]^ Evoked pain was not accessed in these patients.^[@R6],[@R15],[@R18]^ sum of the pain intensity differences and visual analogues scale reflect ongoing pain and, to a lesser extent, mechanical pain. Furthermore, results on spinally delivered opioids also cannot be directly compared with published clinical data, because systemic and spinally delivered opioids produce different results.^[@R49]^ Therefore, we examined effects of opioids on both evoked and nonevoked postoperative pain in adult and aged mice. Overall, it appears that mu-opioid pharmacology on postoperative pain in aged mice compared with aged patients is quite different. It could be noted that the effect of buprenorphine cannot be compared with clinical data because there are not sufficient data for the mixed mu-opioid agonist in adult vs aged patients. Nevertheless, it is difficult to draw conclusions on whether this difference is due to pharmacokinetic/pharmacodynamics or distinct neuronal plasticity of the pain pathways in elderly humans vs aged mice. The possible difference in age-dependent neuronal plasticity between mice and humans could be either in PAG, intrinsic spinal cord neuronal or sensory neuronal circuitries. The highest behavioral analgesia was achieved on administration of mu-opioids in spinal cord or PAG,^[@R27]^ and in the spinal cord, sensory neuronal central terminals or intrinsic neurons could produce strong mu-opioid--mediated analgesia.

The consensus reached in this and previous studies is that age alters basal nociception by possibly modifying neuronal circuitries within pain pathways (Fig. [1](#F1){ref-type="fig"}; [@R21]). However, age-dependent plasticity in nociceptive pathways is not well characterized and still remains an open issue, because little basic pain research has been conducted on aged animals. Moreover, results sometimes seem to be contradictory.^[@R45],[@R48]^ For example, there is little information on whether aging alters neuronal circuitries in spinal cord and sensory neurons^[@R28]^; and whether surgical procedures affect sensory neuronal and spinal plasticity in age-dependent fashion. Better understanding these questions in adult and aged mice can help explain the differences of opioid pharmacology in postoperative pain management in the elderly.
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